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Global picture of QCD factorization

Parton
Hard scattering: Predictions for Soft scattering: distributions
perturbative X-sections LHC observables nonperturbative input (PDFs)

(N)NLO radiative
corrections

Comparison /
to LHC data
Global
analysis

Parton showering
models

A relevant, yet incomplete, picture
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Global picture of QCD factorization

: Renormalization
A?é”;gmc group invariance
Parton
Hard scattering: Predictions for Soft scattering: distributions
perturbative X-sections LHC observables nonperturbative input (PDFs)
iati Comparison Fragmentation
corrections Factorization to LHC data functions
Global
Stbabulltyohf Proof for individual Universality analy5|5
perturbation theory s e Power—
suppressed
= - contributions
Combined with Se?:gsx Multi-scale
electroweak regimes '
corrections Other experiments:
Parton flavor 3 n - HERA, Tevatron,
composition anor:]sdg;ge”ng fixed target, ...
DGLAP? BFKL? Charm and bottom
saturation?... mass effects

Global interconnections can be as important as (N)NLO
perturbative contributions; are different at the LHC and Tevatron

Pavel Nadolsky (MSU) "PDF’s for the LHC" semin



-
Examples of global connections

(based on our recent studies)

B Heavy-quark mass effects on LHC W, Z cross sections
B PDF-induced correlations between physical observables

B Role of subleading channels (strangeness, intrinsic charm) in
the PDF uncertainties

Extensive related work by other groups; see presentations at
2008 PDF4LHC, DIS, HERA-LHC workshops
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A typical perturbative QCD calculation

Higgs boson production pp — (H — v

A. Cross section o, .. for
production and decay of H, qf;
eg.vidg+g— H

Opp—H—~yy = Ef\ggeﬂﬂvyfq/p(:lil, ]\JH),}‘}]/I,(:I?Q, ]\JH) AF coo

® 5,, .1 . isthe hard-scattering cross section, given by a
perturbation series in o, (at least formally)

|/, (z, 1) is the parton distribution function for finding a gluon
¢ with momentum =P in a proton with momentum P
(‘13‘ ~ FE ~ ;> 1 GeV) at a typical momentum

fq/p(, 1) are universal (process-independent) nonperturbative
functions
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e
Perturbative evolution of f;/,(z, 1); global fits

At the initial momentum scale @y ~ 1 GeV, the PDF’s are
parametrized as

f?/p( QO) = agz” (1 _51?)(L2F((I,3,(1,4,...)

At Q > Qo, fi/p(z, ) are computed by solving
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations,

dfz ')(Iwu) 1 o 2
. ¥ / U ps (st Sl

j=g,u,1,d,d,..

with N known to order o> (NNLO):

3
B 7, NN R(/ )( ) + ngPL(/ )( ) + (y’z’pl(/?)( )t

The values of a; and their uncertainties are determined from a
global fit to hadron scattering data
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e
Global analysis at Michigan State/Taiwan/Washington

B a part of the Coordinated Theoretical Experimental study of
QCD (CTEQ) in U.S.A.

B development of general-purpose PDF's

(Wu-Ki Tung and collaborators)

B new CTEQ6.6M standard set and 44 extreme eigenvector
Sets (arxiv.0802.0007)

» a fit of NLO cross sections to 2714 experimental data points
from deep inelastic scattering, lepton pair (via ~*, W)
production, and Tevatron Run-1 jet production

» improved treatment of s, ¢, b PDF's
» correlation analysis of collider observables
» available in the LHAPDF-5.4 library and at www.cteqg.org
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Multi-dimensional PDF error analysis

XA
B Minimization of a likelihood
function (y?) with respect
to ~ 30 theoretical (mostly
PDF) parameters {a;} and

> 100 experimental
systematical parameters

» partly analytical and
partly numerical
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Multi-dimensional PDF error analysis

X“

B Establish a confidence
region for {a; } for a given
tolerated increase in y?
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Multi-dimensional PDF error analysis

Pitfalls fo avoid
X 4 B “Landscape”

» disagreements between
the experiments

In the worst situation,
significant disagreements
between M experimental
data sets can produce up to
N ~ M! possible solutions for
PDF’s, with N ~ 105
reached for “only” about 200
data sets

Y
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Multi-dimensional PDF error analysis

X A Pitfalls to avoid

B Flaf directions
» unconstrained

_— combinations of PDF

parameters

» dependence on free
theoretical parameters,
especially in the PDF

. parametrization

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



Multi-dimensional PDF error analysis

The actual \? function shows

B a well pronounced global
minimum 3

B weak tensions between
data sets in the vicinity of
v3 (mini-landscape)

B some dependence on
assumptions about flat
directions

Qa;
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Multi-dimensional PDF error analysis

The actual \? function shows

B a well pronounced global
minimum 3

B weak tensions between
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a revised folerance condition Ay? < 77
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I
CTEQS6 tolerance criterion (2001)

Acceptable values of PDF parameters must agree at ~90% c.I.
with all experiments included in the fit, for a plausible range of
assumptions about the PDF parametrization, scale dependence,
experimental systematics, ...

Eigenvector 4 Eigenvector 18

40

30

20 200 2

BCDMSp
BCDMSd
Hila
Hib
ZEUS
CCFR
CCFR3
E605
D
5
o
CDFet
BCDMSd
Hib
=
P
CCFR
CCFR
E605
CDFw
E866
DOjet
CDFjet

z zZ
10 10

distance
o

0

distance

-10 -10

-20 -20

-30 -30

Can be crudely approximated (but does not have o) by
assuming 7" ~ 10 for all PDF parameters

A somewhat stricter variant of this criterion is applied in the
MSTW’08 analysis
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HERAPDFO.1 set based on the combined neutral-current DIS data (2008)

The common fit of the combined data

Partons parametrized at Q;? = 4 GeV?

Experimental+Model uncertainties taken into account

Errors of the fit estimated using Ax?=1

xf

— EEUS-JETS (prel.) 94-00
EZ uncorrelated uncertainty E
[ correlated uncertainty

I exp. uncertainty
[ mode! uncertainty

T "
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Pavel Nadolsky (MSU

H1 and ZEUS Combined PDF Fit
T T T

HERA Structure Functions Working Group

M-

Improvement in precision is visible

Christinel Diaconu. HERA-LHC workshop, 2008
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HERAPDFO.1 set based on the combined H1+ZEUS data

H1 and ZEUS Combined PDF Fit H1 and ZEUS Combined PDF Fit
g ! y T QI T0 GeV: g T TP GeV?

6
xf
Al 2008

i [ ERATPDF 01 ety i [ ERATPDE 0 ety

Smaller nominall B o
PDF uncertainty as
compared to
CTEQ/MSTW; but

ions Working Group

HERA Strocture Funct

B insufficient PDF flavor separation (neutral-current DIS probes
only4/9(u+t+c+¢é)+1/9(d+d+s+3))

B more rigid PDF parametrizations (e.g.. g(z, Qo) = Az?(1 — 2)%)
= less flexibility to probe the PDF behavior, notably at small «

H so far, a simplified (zero-mass scheme) treatment of charm
and boftom mass dependence
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Studies of tolerance in new approaches

Neural Network PDF collaboration

Singlet PDF Gluon PDF
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Biases due to the parametrization, Gaussian approximation for errors
are reduced; better estimates for the PDF uncertainty may be feasible

Pavel Nadolsky (MSU) s for the LHC" seminar, FNAL June 6, 2008 1



S
Theoretical errors: uncertainties vs. mistakes

PDF error bands reflect uncertfainties (a range of theorefical
predictions for plausible input assumptions) due to

B experimental errors propagated into PDF’s

B treatment of possible inconsistencies between experimental data
sets

B dependence on factorization scales, choice of the PDF
parametrization, freatment of higher twists, nuclear effects,...

B numerical approximations in PDF fits
The uncertainties must not be confused with mistakes caused by
outdated assumptions in the previous analyses

Oversimplified treatment of heavy-quark (s, ¢, b ) contributions is
one such mistake that can no longer be tolerated

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 12



s, ¢, b: the least constrained sector
of the nucleon structure

B Data fromn HERA, NuTeV, Tevatron is increasingly sensitive to
heavier flavors

B Some theoretical constraints on Q4 (z, i) = Q(x, ) £+ Q(x, i)
(Q = s, ¢, b) can be now released, and new PDF models can
e examined

B opportunities for interesting QCD tests

» QCD factorization with realistic m.., dependence

» studies of flavor asymmetries in the quark sea

B impact on BSM searches, general hadronic physics at the
LHC, etc.

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



R ———N—————
CTEQ6.5 and CTEQH.6: advanced treatment of heavy quarks

1. full implementation of

the general-mass “SACOT-\” scheme
Tung et al., JHEP 0702,
» differences in predictions for ¢, b scattering 053 2007); CTEQ6.S
(F5"(x,Q?), etc.), EW precision cross sections,
as compared to the zero-mass CTEQ6. 1

2. exploration of free strange PDF’s and/or

asymmetric strange sea
Lai et al., JHEP 0704,

st(z) #r (d(z) + d(z)), s—(x)#0, 089 (2007); CTEQ6.55
where s (z) = s(z) £ 5(x)

3. PDF’s with nonperturbative charm
Pumplin et al., PRD 75,

| 2 (,’,(:17, Ho = mc) 7é 0 due to Iow—energy charm 054029 (2007);
excitations (as opposed to g — c¢ radiative e
production)

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 14



e
CTEQ.6 study consolidates these developments

PDF | Numberof | s, (z) | s_(z) | as(Mz) | Nonpert.
family PDF sets charm PDF

6.6 45 free 0 0.118 No

B CTEQO6.6M + 44 extreme eigenvector setfs

> s.(z)isindependent of u(z) + d(z)
B s _(z)=0,in agreement with the data at 90% c.I.

» the preference for s_(z) # 0 remains marginal:
Ax? = —15 for fol xs_(z, po)dx = 0.0018, V2N yy7rey = 22

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 1®
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CTEQ.6 study consolidates these developments

PDF | Numberof | s, (z) | s_(z) | as(Mz) | Nonpert.

family PDF sets charm PDF
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6.6C 4 free 0 0.118

B CTEQ6.6C: updated PDF’s with intrinsic charm
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CTEQ.6 study consolidates these developments

PDF | Numberof | s, (z) | s_(z) | as(Mz) | Nonpert.
family PDF sets charm PDF
6.6 45 free 0 0.118 No
6.6C 4 free 0 0.118
6.6A 4 free 0 0.112:0.125 No

B CTEQ6.6C: updated PDF’s with intrinsic charm

B CTEQO6.6A: PDF's for as(Mz) = 0.112 — 0.125

June 6, 2008 15

"PDF’s for the LHC" seminar, FNAL

Pavel Nadolsky (MSU)



CTEQ.6 study consolidates these developments

PDF | Numberof | s, (z) | s_(z) | as(Mz) | Nonpert.
family PDF sets charm PDF
6.6 45 free 0 0.118 No
6.6C 4 free 0 0.118
6.6A 4 free 0 0.112:0.125 No

B CTEQ6.6C: updated PDF’s with intrinsic charm
B CTEQO6.6A: PDF's for as(Mz) = 0.112 — 0.125

B All CTEQ6.6 sets are provided for 1078 < 2 < 1

June 6, 2008 15
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CTEQ6.6 PDF’s

20 T T T T 20 L LS L T T T T 20 T T T T T
sbar at u = 3.16 GeV uat u= 3.16GeV 1 dat u = 3.16 GeV
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dashes: CTEQ6.TM (zero-mass scheme)

B very different strange PDF’s
B CTEQO6.6 u, d are above CTEQO6.1 at 2 < 1072

» The result of suppressed charm contribution to F(z, Q) at
HERA in the GM-VFN scheme

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



General-mass (ACOT-y) factorization scheme
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B Charm Wilson coefficient function is suppressed at @ — m..

B To keep agreement with DIS F, data, u, d, i, d PDF’s are
enhanced at small z, as compared to the zero-mass
(ZM-VEN) scheme

Pavel Nadolsky (MSU)

"PDF’s for the LHC" seminar, FNAL

June 6, 2008 17



Z and W production as “standard candle”
processes

B Event rates for pp — WX, pp — Z°X at the LHC can be
measured with accuracy do /o ~ 1% (tens of millions of
events even at low luminosity)

B These measurements will be employed to tightly constrain
PDF’s and monitor the LHC luminosity £ in real fime

(Dittmar, Pauss, Zurcher; Khoze, Martin, Orava, Ryskin,; Giele, Keller’,...)

» other methods will initially give 6£ = 10 — 20%

B Various cross section measurements will be normalized to Z,
W cross sections

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 18
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W and Z rapidity distributions at NNLO

(Anastasiou, Dixon, Melnikov, Petriello, 2003)

pp - (Z,7")+X pp - W+X

=E B e 500 [——

L wo
e r == NIO = =k ot
5w ] 8
S [ > S
A a0

10 \
5w 4 &
~ A ~
= ) = =200
S g
Bl 13
« L _ |
o £} Vs = 14 TeV 1 e
M =M, [
M/2 S p s 2M ] r M = My
i [ | | M/2§/J,§‘2M |
P N R I oL b e L
—4 -2 0 2 4 -4 -2 0 2 4
Y

B Tiny scale dependence (~ 1%)
B For |y| < 2, NNLO leads to a uniform rescaling

- . LHC .
onNLo * Knnro - onpo Knnio ~ 0.98

B Larger corrections at forward rapidities

Pavel Nadolsky (MSU) F’s for the LHC" seminar, FNAL June 6, 2008



CTEQ6.6 I/ and ~Z cross sections at the LHC

W* & Z cross sections at the LHC
25l NUNLE e B Computation done with
NNLL-NLO ResBOS aiazs, Ladinsky, PN.,
yuam), With the goal to estimate
relative differences due to
NLO/NNLO PDFs

I
[

CTEQG6.6

N
=)
a

B Effect of NNLO hard + NLO EW
CTEQ6.1 conftributions is nearly
independent of PDF’s

Trat(PP~Z°~0)X) (nb)
i
(5] N

1.9
155 B Ellipses: the PDF uncertainty for
185 19 195 20 205 21 215 22 AXiculnd = 100 (<QO% c.l. for

Tio(PP—(W-v)X) (nb) 2-dim dependence)

General-mass CTEQ6.6 predictions are higher by 6-7%
compared to zero-mass CTEQ6.1 (enhanced CTEQ6.6 ., d PDF’s
at = ~ 0.005)

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 20



W and Z cross sections at the LHC

W™ & Z cross sections at the LHC

W* & Z cross sections at the LHC
22 2.2
CT5HQ
NNLL-NLO ResBos A NNLL-NLO ResBos
O
2.15 " LT4HQ 2.15 0 ZEUS-.
: o FEUSTR
~ A cTsm - T ZEUS-Z)
= P = g .
g 21 <4 AcTen 2 21f [ noPDFs LEEIHIS
g CTVEQG,Q. 5 B NNLO PDF's CTEQ6.6
205 2 g, '3 208 S anedinog
% : N i M AMP 06
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g 2 * crsm1 g 2 il
3 3 MRST 02
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ok CTEM
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4 cram
119 19
185 19. 195 20. 205 21. 215 22 185 19. 195 20. 205 21. 215 22

StotHpPfi WV fi {AXLHbL Trot(PP—>(W*>1)X) (nb)

B Such changes in o exceed NNLO corrections of ~ —2% or
anticipated experimental error of ~ 1%

B MSTW 2006 and 2008 predictions became compatible with
the CTEQ6.6 result

Pavel Nadolsky (MSU)

‘s for the LHC" seminar, FNAL

June 6, 2008 21



PDF-induced correlations in 17, 7, tt production

7 ¥ 0
W — Z: correlated dependence W —tt (or Z — t):
W* & Z cross sections at the LHC (@} nTl—COrrelOTed dependence
215f NNLL-NLO ResBos 805 T
21 800F" 41 CTEQ6.1 PDFs
- CTEQ6.6, 795 ?
i 2.05 790 ? )
‘é 2 = 7 e - - 3
L S 780f %
Faes CTEQ6.1 5 E
5 5 1sp
a8 770 ;
1.85 765 ?Campbell‘ Huston, Stirling
B e, 215 = 76057 18 186 188 %0 162 194
ot = — =)
a(W) (nb)

B Which parton flavors drive the “experimental” PDF uncertain-
ties and lead to (anti-)correlations between the cross sections?

B The PDF dependence of a cross section ratio o1 /o7 is reduced
(enhanced) if o1 and o, are correlated (anticorrelated)

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 22



PDF-induced correlations in 17, 7, tt production

7 ¥ 0
W — Z: correlated dependence W —tt (or Z — t):
W* & Z cross sections at the LHC (@} nTl—COrrelOTed dependence
215f NNLL-NLO ResBos 805 T
21 800F" 41 CTEQ6.1 PDFs
- CTEQ6.6, 795 ?
i 2.05 790 ? )
‘é 2 = 7 e - - 3
L S 780f %
Faes CTEQ6.1 5 E
5 5 1sp
a8 770 ;
1.85 765 ?Campbell‘ Huston, Stirling
B e, 215 = 76057 18 186 188 %0 162 194
ot = — =)
a(W) (nb)

B How can we reduce the remaining PDF uncertainties?

B |deally, we would like to relate dpppo to (a few) specific f,(x, 1)

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 22



Experimental PDF errors:
which measurements can reduce them?

Knowing what to measure and how to measure it makes a
complicated world much less so.

The conventional wisdom is often wrong.

S. D. Levitt, S. J. Dubner, Freakonomics

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 23



e
PDF dependence of collider processes

arXiv:08020007 thep-phl

B Correlation analysis can be
applied to understand rich
PDF-induced relations
between physical
observables

B Naive views about the PDF
dependence tend to be
misleading

ROGUE SCIENTISTS EXPLORE THE
HIDDEN SIDE OF THE PROTON

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 24



Z production at the LHC

Choose all that apply and select the x range
The PDF uncertainty in o is mostly due tfo...

B Leading order
1. u, d, u, d PDF’s

q e

atz <1072 (z > 1072 \WM

2. gluon PDF q / &z \ é
atx <1072 (z > 1072)

3. s, ¢, bPDF’s Next-to-leading order

atz <1072 (x > 1072) % 1< X<

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



An inefficient application of the error analysis

pp—-ZX, Vs=14 TeV; 40 CTEQS6.1 extreme PDF sets

@ Compute o for 40 (now 44) 198
extreme PDF eigensets L0

1.94
s
5 1.92

@ Find eigenparameter(s) L
producing largest variation(s), 188
such as #Q, ]0[ 30 - 101214P18é82?222?)2628303234363840

@ It is not obvious how to relate abstract eigenparameters to
physical PDF's u(z), d(z), etc.

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



Correlation analysis for collider observables

(J. Pumplin et al., PRD 65, 014013 (2002); PN. and Z. Sullivan, hep-ph/0110378)

A technique based on the Hessian method to relate the PDF

uncertainty in physical cross sections to PDF’s of specific flavors
at known (z, 1)

For 2N PDF eigensets and two cross sections X and Y':

1 [« (=) 2
=3 ;( x0)
N
R = 4AX AY z_; ( )) (Yim y Yi(i))

Xf ) are maximall (minimal) values of X; tolerated along the i-th PDF
eigenvector direction; N = 22 for the CTEQ06.6 set

Pavel Nadolsky (MSU)

"PDF’s for the LHC" seminar, FNAL
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Correlation angle ¢

Determines the parametric form of the X — Y correlation ellipse
X = Xog+ AXcosf
Y = Yy+ AY cos(f + o)

cosp ~ 1 cosp ~ 0 cosp = —1

Yy, Yt Y 1, .
\ [ Xo, Yo: best-fit
‘ ‘ values
3 X \\_/6)( : "X AX, AY: PDF errors

tight
loose

cosp ~ +1:

constfraints onY
cosp ~ 0 :

Measurement of X imposes

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 28
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Types of correlations

X and Y can be

B two PDFs fl(flil, Ql) and f2(:l?2, Q2)
(plofted as cos p Vs 27 & x2)

B a physical cross section o and PDF
f(z, Q) (plotted as cos ¢ Vs x)

B two cross sections o; and o5

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 29



Correlations cos o between W, Z cross sections and PDF’s

Tevatron Run-2

CTEQ6.6: correlation between oo and f(x,Q=85. GeV)

1

pp-ZX, Vs=1.96 TeV ———3

Correlation

-1
10°10* 107 0.010.02 005 0.1 0.2 05 0.7
X

Similar correlations for 17 production

Pavel Nadolsky (MSU) ‘s for the LHC" seminar, FNAL June 6, 2008



Correlations cos o between W, Z cross sections and PDF’s

LHC

1

Correlation between oz(LHC) and f(x,Q=85. GeV)

Tevatron Run-2

Correlation

10°10* 107 0.010.02 005 0.1 0.2 05 0.7
X

Similar correlations for 17 production

Pavel Nadolsky (MSU) F’s for the LHC" seminar, FNAL June 6, 2008
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Correlations of Z and ¢t cross sections with PDF’s

Correlation between o7(LHC) and f(x.Q=85. GeV)

05

LHC Z, W cross sections are

strongly correlated with g(z), ¢(z), 5
b(x) af = ~ 0.005
.. they are strongly anficorrelated e
with processes sensitive to g(x) af TR
A 01 PP, Vs=14 Tev . —_—

(tt, gg — H for My > 300 GeV)

-1
105104 10 001002 005 01 02 05 07
x
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e
tt vs Z cross sections at the LHC

Z° vs tt production at the LHC at NLO

m=u=171 GeV

“. CTEQ66,

T (PP—>(Z°—>e*e)X) (nb)

0.82 0.84 0.86 0.88 0.9
Tror(pp->ttX) (nb)

Measurements of o,; and o, probe the same (gluon) PDF
degrees of freedom at different  values

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



e
Correlations between o(gg — H°), 04, 07

PP=N°X ¥s. pp-~(Z°~(£)X (left) and pp-ttX (right)
Vi-14 Tev, CTEGE 6, NLO

Gos[¢]-056 Cosfg]=-027

34 /
33 i
LN a—— As My increases:
Cos[¢]=0.25
144 -
. . | COSQD(U[],Uz)
" i, [ ixy decreases
108 w\ B cosy(on,04)
42 Cosl¢]=0.99 i
t increases
41
4
39
3'52 205 2.1 215 22 850 870 890 910
o(pp — (Z — ¢0)X) (nb) o(pp — t1) (pb)
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cos ¢ for various NLO Higgs production
cross sections in SM and MSSM

Correlation with pp — ZX (solid), pp — tt (dashes), pp — ZX (dots)
LHC X-section: A gg — h® ¥ bb— h® +5c+bc— ht O WHhO hO via WW fusion

Q S ———
= 1?»"*:\1’*% -t e S
R o
S [ o
= |
s . =
< 0.5
o |
bt |
] o
(@) |
o g
: t-channel single top: tf
—0.5[
| o .
B Oua:z *
_7\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\\\

100 150 200 250 300 350 400 450 500
Particle mass (GeV
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An example of a small correlation with the gluon

. CTEQ6.6: correlation between o and f(x,Q=85. GeV) Si ngle_'l'op prOdUCTion (N LO)
N
/; \ q t
=N\ W
g 3 o) q b

Correlation

pp-t* X (s—channel) . TypiCCﬂ €T 001

::4_5 Vs=14 TeV, m=171 GeV
7110’5 10* 1073 0.010.02 0.05 0.1 0.2 05 0.7
g B mostly correlated with u, d

PDF's
PDF uncertainties in W, Z total cross sections are irrelevant for
some quark scattering processes (single-top, 7/, ...)
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W and Z cross sections and their ratio

2.2
215 NNLL-NLO ResBos 1 S
21 CTEQ6.6//4 ./ Alc-sea
3 7 7
£ Free s=s (solid), /
2 2.05 fixed s=s (dashes)
'S
B
°
N 2
T
o
=
$1.95
b
1.9
1.85
185 19. 195 20. 205 21. 215

B Radiative contributions have similar structure in W+ and Z

W* & Z cross sections at the LHC

Trot(PP->(W*—-£v)X) (nb)

22.

o a@I(aW*) + a(w-))
< | mrst04

FAN
/ PDF error band

/

o[ f

I
/
i
|
|
/
|
[
/

/ \

°% 7 2 o 2

A. Cooper-Sarkar, 2007

cross sections; cancel well in Xsection ratios

B The PDF uncertainty cancels partially because of differences
in s, ¢, b scattering contributions

Pavel Nadolsky (MSU)

"PDF’s for the LHC" seminar, FNAL
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W and Z cross sections and their ratio

Trat(PP—Z°~0)X) (nb)

2% W* & Z cross sections at the LHC

L o@low) + owd)
,,/':::,"C’BHPS é mrst04

AlC-Sea

2.15 NNLL-NLO ResBos

CTEQ6.6,/ 2/
Free s=s (solid), /
fixed s=s (dashes)

3
[

e

2.05
/\
) / PDF error band
|
1.95 |
ol |
/
/
1.9 i

/ \

1.85 sl o rug

185 19. 195 20. 205 21. 215 22 A. Cooper-Sarkar, 2007
Trot(PP->(W*—-£v)X) (nb)

B 27% of onro(WT) from ¢35 — W+, 20% of onro(Z°) from
s5 — 79

B non-negligible effects from free strangeness and intrinsic
charm (C) PDF’s
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e
0'2/0'1,1,/’ at the LHC

Correlation between oz /ow- (LHC) and f(x,Q=85. GeV)

05 / \ N,

i
\
\l.

N \ o //{///

=i,
10°10% 10°° 0.010.02 0.05 0.1 0.2 05 0.7
X

The remaining PDF uncertainty in o /oy is mostly driven by s(x);
increases by a factor of 3 compared to CTEQ6.1 as a result of
free strangeness in CTEQ6.6

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 37



Special PDF’s with nonperturbative charm

(Pumplin et al., 2007; updated in CTEQ6.6C)

Three models responsible for intrinsic charm generation

(light-cone, meson-cloud, and phenomenological sea-like), with
(x)erz Up to 3.5% at scale Qo

1072 £ o 1072
3 ' 3
) )
o 1073 g 1073
> S
™ ™

107* = ¢ G at u=5Gev 1074 C,C at u =5GeV

1073 1072 X 107! 100 1073 1072 107! 100

X

The enhancement in ¢(x, Q) persists at all practical @), can be
observed at the Tevatron and LHC

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL
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¢5 + cb — H' in 2-Higgs doublet model at the LHC

1 +
pp—~H'" 2HDM)
0.5 LHC
CTEQ6.5
tanp = 50
_ o1
2 005
o
0.01
0.005
0.001 s
200 400 600 800 1000
HT Mass [GeV]
15
14 .
5 @ Intrinsic T
= Charm __-=~ s4
& 19 I Strangeness S2
g . = Series 5(3)
5 Llf=—=
T
< T \ﬁ\f\—ﬁ\ﬂd
© 1 T | ‘ ‘ ‘ ‘
09
038
0.7
200 400 600 800 1000

H' Mass [GeV]

CTEQ6.6M uncertainty
band covers most of the
CTEQ6.5 uncertainty due
to strangeness

*Maximum-strength”
sea-like IC leads to large
enhancement = new
measurements

(pp — ZcX?) are needed
to constrain it!

Pavel Nadolsky (MSU)
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S
Conclusions

B Narrow PDF error bands can be misleading; theoretical
improvements for all fitted experiments and the analysis of
the entirety of contributing factors must continue

B CTEQO6.6 PDF’s in the general-mass scheme:

» important differences from ZM-VENS and some CTEQ6.5
predictions

» must be used as the standard CTEQ set from now on

B A new technique to study PDF-induced correlations
between physical observables

B other ongoing efforts: NNLO/small-z/Q; resummation in the
global fits, impact of Run-2 jet data on the gluon PDF, PDF’s
for leading-order Monte-Carlos, a ROOT interface for PDF
reweighting in Monte-Carlo programs; stay tuned!
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S
General-mass variable-flavor number scheme

(Aivasis et al.; Chuvakin et al.; Thorne, Roberts; Kniehl et al.; Buza et al.; Cacciariet al.; ...)

B A series of effective fixed-flavor number (FFN) schemes, with
Ny (the number of active parton flavors) incremented
sequentially at momentum scales iy, ~ my,

B incorporates essential ., dependence near, and away
from, heavy-flavor thresholds

In™(Q2/M?)
]

1 Q% Unm

4 R M iy R my, 99)
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S
General-mass variable-flavor number scheme

(Aivasis et al.; Chuvakin et al.; Thorne, Roberts; Kniehl et al.; Buza et al.; Cacciariet al.; ...)

Proved for inclusive DIS by J. Collins (1998)

c Ao
F(z,Q,m.) Z/ H, X,gg) (&, mC)—&—(’)( QQCD>

B limg_.. H exists and is infrared safe

W collinear logarithms 37, oy, In"(11/m.) are resummed in
fc(ws M/’Tflc)

B no terms O(m./Q) in the remainder

e R M s &My, A T g A L)
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S
General-mass variable-flavor number scheme

(Aivasis et al.; Chuvakin et al.; Thorne, Roberts; Kniehl et al.; Buza et al.; Cacciariet al.; ...)

Proved for inclusive DIS by J. Collins (1998)
X Q me % /\QCD>
Q, me) / ==, —=)fal&, — +(’)<
‘L °2 m Z E ,u Q )f (f /’nc) Q

B Works most effectively in DIS and Drell-Yan-like processes;
practical implementation requires

1. efficient freatment of mass dependence, rescaling of
momentum fractions y in processes with incoming ¢, b

2. physically motivated factorization scale to ensure fast PQCD
convergence (e.g., i1 = @ in DIS)

Ny=3 'Ny=4 ! Np=5 g: N : y \l__
A A S g
4 ‘i i’ 4 s

e R M s &My, A T g A L)
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e
Simplified ACOT () factorization scheme

B Defined with m. = 0 in Wilson coefficient functions A with
incoming charm quorks (Collins; Kramer, Olness, Soper)

» simplifications! close to the full ACOT scheme numerically

B Rescaled momentum fractions X (Barnett, Haber, Soper; Tung, Kretzer, Schmict)

z incoming g, g
4m for : :
14 > incoming ¢

In neutral-current DIS: x = { (
QQ
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

5 ) AL 2

contours of constant y; ‘elobal

u;: eigenvector in the l-direction
p(i): point of largest a; with tolerance T

)

So: global minimum

diagonalization and ‘
ey
rescaling by E
. . 2%
the iterative method

« Hessian eigenvector basis sets

(a) (b)
Original parameter basis Orthonormal eigenvector basis

A hyperellipse Ax? < 77 in space of N physical PDF parameters
{a;} is mapped onto a hypersphere of radius 7" in space of N
orthonormal PDF parameters {z, }
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Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

(b)
Orthonormal eigenvector basis

PDF error for a physical observable X is given by

AX = VX 7 = [9| = 1) /T, (X - x0)

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008



Tolerance hypersphere in the PDF space

2-dim (i,j) rendition of N-dim (22) PDF parameter space

(b)
Orthonormal eigenvector basis

Correlation cosine for observables X and Y

R = i))(mﬁyy = I&XEY Lict (Xz(ﬂ - Xi(i)> (Y‘(ﬂ y Y‘(i))
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S
7, W, tt cross sections and correlations

Table: Total cross sections o, PDF-induced errors Ao, and correlation
cosines cos ¢ for Z°, W+, and tf production at the Tevatron Run-2 (Tev2)
and LHC, computed with CTEQ6.6 PDFs.

Vs Scattering o, Ao Correlation cos ¢ with

(TeV) process (pb) 70 (ev2) | wW*dev2) ‘ Z° (LHC) ‘ W= (LHC)

pp — (Z2° — ete7)X 241(8) 1 0.987 0.23 0.33

1.96 pp — (WE = tvy)X 2560(40) 0.987 1 0.27 0.37

pp — tEX 7.2(5) -0.03 -0.09 0.52 0.52

pp — (2° — £te7)X 2080(70) 023 0.27 1 0.956

pp — (WE = )X 20880(740) 0.33 0.37 0.956 1

14 pp — (W — £tup) X 12070(410) 0.32 0.36 0.928 0.988

pp — (W~ — £ 5,)X | 8810(330) 0.33 0.38 0.960 0.981

pp — tEX 860(30) 0.14 0.13 -0.80 -0.74

Pavel Nadolsky (MSU) "PDF’s for the LHC" seminar, FNAL June 6, 2008 45



Correlations with single-top cross sections

Table: Correlation cosines cos ¢ between single-top, W, Z, and tt cross
sections at the Tevatron Run-2 (Tev2) and LHC, computed with
CTEQO6.6 PDFs.

Single-top Correlation cos ¢ with
production channel 70 (Tev2) ‘ wE (Tev2) ‘ tf (Tev2) H 70 (LHO) ‘ W= (HC) | tE (LHO)
t—channel (Tev2) 0.18 022 0.81 -0.82 -0.79 0.56
t—channel (LHC) 0.09 0.14 0.64 0.56 053 0.42
s—channel (Tev2) 0.83 0.79 0.18 0.22 0.27 -0.3
s—channel (LHC) 0.81 0.85 042 06 0.68 -0.33
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tt production as a standard candle process
Uncertainties in o, for m;, = 171 GeV

] Type | Cumrent | Projected | Assumptions |
Scale 11% ~ 3 —5%? me /2 < p < 2my
dependence (NLO) (NNLO+resum.)
PDF 2% 1%7? lo c.l.
dependence
my 5% < 3%
dependence | om; =2GeV | om; =1 GeV
| Total(theory) | 12% | ~5% \ |
| Experiment | 8% (CDF) | 5%?7 \ |

BMeasurements of o,; with accuracy ~ 5% may be within reach;
useful for monitoring of £, ;¢ in the first years, normalization of
Cross sections sensitive to large-z glue scattering, as well as for
new physics searches geviewed by T Han in arxiv.0804.3178)

Updated theory estimates in Cacciari et al., arXiv:0804.2800; Moch, Uwer, arXiv:0804. 1476
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a(W*)/o(W™)

a(W+)/o(W—) = 1.36 + 0.016 (CTEQ6.6), 1.36 (MSTW'O6NNLO),

1.35 (MRST'04NLO)

Pavel Nadolsky (MSU)

"PDF’s for the LHC" seminar, FNAL
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Combined HERA-1 data set on neutral-current DIS
cross sections

H1 and ZEUS Combined PDF Fit

® HERAICD(

6,08 x2'

[
Q% GeV?

New HERA-1 PDF fit predictions vs. H1/ZEUS
combined data for NC etp.

Total uncertainties on the PDF fit predictions
are included but can barely be resolved.

Averaging of the data leads to cross-calibration of H1 and ZEUS
measurements, drastic reduction of systematic uncertainties

Gang Li, HERALHC workshop. 2008
Pavel Nadolsky (MSU)
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